In this study, we first numerically investigate the appearance and properties of multiple Fano resonances in two-dimensional hexagonal non-close-packed arrays of symmetric metallic shells. The coexistence of broad sphere-like plasmon modes formed from the near-field interaction between the individual sphere plasmons and substantially narrower void plasmon modes supported by the inner surface of the individual shell resonant over the same range of energies can produce such Fano resonances. In particular, void and sphere-like plasmon modes of different angular momentum could directly interact without the need of symmetry breaking in the structure. A cost-effective colloidal crystal templating method is utilized to prepare the arrays of the metallic shells with small openings. The effect of the symmetry breaking on the Fano resonances in metallic cup arrays is experimentally and numerically investigated. Further tunability on the Fano resonances is gained by changing the size of the inner dielectric core, hence changing the moment of the void plasmon modes and consequently the resonance frequency. By adopting the polymer dielectric core with gain materials, our study may offer realizable experimental opportunities towards subwavelength low threshold plasmonic lasing.
I. INTRODUCTION
Metallic nanoparticles exhibit remarkable optical properties 1 mainly because they support localized surface plasmons (LSPs), i.e., collective oscillations of conductionband electrons confined in the particles. 2 Associated with the excitation of LSP modes the local optical fields around these metallic nanoparticles could be greatly enhanced, which has already been utilized in plasmonic nanolasing, 3 sensing, 4 surface-enhanced Raman scattering, 5, 6 optical antennas, 7 and optical tweezers. 8 However, the linewidths of the particle LSP resonances are broad because of the short lifetimes of the emissive plasmons caused by a rapid depletion of the plasmon energy, 9 which significantly limits the intensity of localized optical fields that can be achieved in isolated nanoparticles. Recent work has shown that the plasmon linewidth of metal nanoparticles could be controlled in hybrid plasmonic-photonic systems formed by patterning nanoparticles into one-or two-dimensional (2D) arrays in a symmetric dielectric environment 10 or placing periodic arrays of nanoparticles on a dielectric waveguide. 11 Such hybrid plasmonic-photonic systems support both broad particle LSP modes and narrow lattice resonances or photonic waveguide modes. In particular, when the particle LSP modes and lattice or waveguide modes overlap in energy, the strong coupling between these two modes could produce extremely narrowband hybridized lattice-plasmon or waveguide-plasmon resonances with asymmetric Fano line shapes, 10, 11 which could be analogous to the Fano resonance in quantum systems a) Author to whom correspondence should be addressed. Electronic mail:
zchen@nju.edu.cn.
arising from the constructive and destructive interference of a narrow discrete resonance with a broad spectral line or continuum. 12 The fundamental criterion for a Fano resonance is the interference between a spectrally overlapping broad resonance or continuum and a narrow discrete resonance. 13 Such requirement could be fulfilled in the individual plasmonic nanostructures because the plasmon modes can have a very different linewidth. Recently, a variety of plasmonic complex nanostructures such as dolmen-type slab arrangements, 14, 15 non-concentric ring-disk cavity, [16] [17] [18] multi-nanoparticle assemblies, [19] [20] [21] [22] metal nanoshells, [23] [24] [25] [26] metamaterials, 27, 28 and metal dimers [29] [30] [31] with Fano resonances present in their optical response, have been reported. In these complex nanostructures, the broad bright and narrow dark modes are provided by the primitive plasmons supported on different component parts of the complex structures, or by the hybridized plasmonic modes formed from the interaction between these primitive plasmons. For example, in the non-concentric ring-disk cavities the ring plasmon mode supported on the metallic rings act as the narrow discrete resonance, while the hybridized antibonding higher energy dipolar mode formed from the interaction between the dipolar disk and ring plasmons provides a broad superradiant continuum. [16] [17] [18] The coexistence of a broad superradiant mode and a substantially narrower sub-radiant mode resonant over the same range of energies can result in a coupling between these two coherent modes, producing a Fano resonance. The ability to design plasmonic structures to support Fano resonances has become a topic of intense current interest. This increasing interest enabled by the Fano resonance stems from its tremendous potential applications such as bio-sensors with improved performance, 16, 17 multiwavelength surface-enhanced infrared absorption, 32 optical switching and electro-optical modulation, 33 and slow-light applications. 15, 27, 28, [34] [35] [36] Metallic nanoshells consisting of a spherical dielectric core and a thin metallic shell layer have been extensively investigated over the last few years. In striking contrast to solid metallic nanoparticles, which exhibit relatively weak plasmonic tunability dependent on size or aspect ratio, metallic nanoshells exhibit plasmon resonances whose energies are sensitively determined by inner core and outer shell dimensions. 37 This geometry dependence arises from the hybridization between sphere plasmons supported by the outer surface of the shell and void plasmons of the inner surface. 37 However, for a spherically symmetric nanoshell, this interaction only occurs between void and sphere plasmon states of the same angular momentum. 38 Symmetry breaking may relax this critical selection rule to allow for the mixing of void and sphere plasmons of all multipolar indices. [39] [40] [41] Instead of focusing on the single metallic nanoshells, in recent paper we have theoretically investigated plasmonic properties of metallic nanoshells in a periodic format, and demonstrated that light can tunnel through such nanoshell arrays via excitations of void-like, sphere-like Mie modes, delocalized Braggscattered plasmons, and pore-like resonance modes. 42 In particular, it was shown that when symmetric nanoshells were patterned into ordered arrays void-like and sphere-like plasmons of different angular momentum could directly interact without the need of symmetry breaking in the structure. 42 Here, in this paper we present an experimental demonstration of plasmonic Fano resonances in 2D metallic shell arrays. The monolayer hexagonal non-close-packed (HNCP) metallic shells are prepared using a cost-effective colloidal crystal templating method. Multiple Fano resonances are clearly observed in the measured optical transmission spectra. The nature of the multipolar plasmon modes taking part in the interactions is clearly determined using numerical calculations. We show that in metallic shell arrays, void-like plasmon modes supported by the inner surface of the individual shell act as a narrow discrete resonance, while the collective sphere-like plasmon modes formed from the near-field interaction between the individual sphere plasmons provide a broad super-radiant continuum. Further tunability on the Fano resonances in metallic shell arrays is gained by changing the size of the inner dielectric core, hence changing the moment of the void-like plasmon modes and consequently the resonance frequency. Our study may offer realizable experimental opportunities towards subwavelength low threshold plasmonic lasing 43 achieved in a metallic shell array.
II. SAMPLE FABRICATION PROCEDURE
In Fig. 1(a) we show the schematic procedure of the colloidal crystal templating method that was applied to prepare monolayer HNCP metallic shells. A large-area 2D polystyrene (PS) colloidal crystal as the primary template was first prepared on the quartz substrate using our reported method. 44 The PS colloidal crystal was then etched in a plasma reactor with oxygen as a process gas. With carefully controlling the etching time, the size of PS microspheres can be reduced on demand. A thin film of gold was plasma sputtered on the surface of the PS colloidal crystal to form metallic shell arrays. It has been shown that if the colloidal crystal is put normal to the metal deposition beam, only semi-shell arrays could be formed. 45 Although symmetry-broken metallic shells with opening, known as nanocups, could lead to large modifications of the plasmonic properties relative to the corresponding complete metallic shell, [39] [40] [41] the quality factors of void plasmons in nanocups are rapidly dropped with increasing the opening, resulting in a dramatically increased gain threshold in the application of plasmonic lasing. 43 Therefore, to make the metal cover the outer surface of the PS sphere as much as possible, the PS colloidal crystal was tilted at an angle of ∼30
• with respect to the metal deposition beam, and rotated at a constant speed in the whole metal deposition process. Figure 1(b) shows the scanning electron microscopy (SEM) image of a typical as-prepared 2D HNCP gold shells with a shell thickness of 50 nm, in which 100 s plasma etching was applied to reduce the diameter of the PS microspheres from originally 1580 nm to 1350 nm. The 2D ordering feature is well preserved in the resultant metallic shell array. To fully characterize the morphology of these fabricated metallic shells, the SEM image of their opposite surfaces is presented in the inset of Fig. 1(b) . It should be pointed out that even using the inclined metal deposition strategy the PS microsphere surface was not completely coated by the metal, and a small bare surface can be observed where the original PS sphere was in contact with the substrate. To construct arrays of complete metallic shells without opening, we suggest that an additional second thin metal film could be deposited to the opposite side of the as-prepared HNCP gold shells. Experimentally, all the transmission spectra are taken using a commercial Fouriertransform infrared spectrometer equipped with a polarizer. The incident light polarization configuration in the present studies with respect to the ordered array of metallic shells is schematically shown in Fig. 1(a) . The coordinate is chosen such that the metallic shells lie on the xy-plane. Light is incident along z axis with its polarization along x axis. Note that before we performed transmission measurements, the perforated gold film deposited through the interstices of the etched PS template onto the quartz has been removed via transferring the as prepared metallic shell arrays to a transparent film tape. As shown in Fig. 1(c) , multiple transmission resonances are observed in the normal optical transmission spectra.
III. RESULTS AND DISCUSSIONS
In order to understand these transmission resonances, we begin our discussion by considering monolayer HNCP complete metallic shells without the presence of the opening. Three-dimensional numerical simulations are conducted using a commercial finite-element method based software package (COMSOL Multiphysics). The calculation domain, indicated as a dashed-line box in the xy-plane view in Fig. 2 (a), constitutes one complete and four quarter metallic shells. Periodic boundary conditions are applied to the four sides of the rectangular calculation domain to mimic the periodicity of the whole structure. A maximum mesh size of 50 nm with the element growth rate of 1.45 is applied to the subdomains of metallic shells, and a maximum mesh size of 200 nm with the element growth rate of 1.45 is applied to the remaining subdomains. The number of degrees of freedom is estimated to be ∼6.0 × 10 5 . The transmission spectra are retrieved from the scattering parameter (S-parameter) analysis. As schematically shown in Fig. 2(a) [xz-plane view] , each symmetric metallic shell is characterized by two geometry parameters: the radius of the inner spherical dielectric core (r) and the thickness of the metallic shell layer (t). The values of r = 675 nm and t = 50 nm are estimated from the SEM image shown in Fig. 1(b) . The lattice period of the metallic shell array is equal to the diameter of original PS microsphere p = 1580 nm. The refractive index of the PS is taken as 1.59 and the permittivity of gold is described by a Drude model ε gold = 1 -ω p 2 /[ω(ω + iω c )] with plasma frequency ω p = 1.367 × 10 16 rad/s and collision frequency ω c = 4.084 × 10 13 rad/s. 46 In the simulations, the effect of the substrate (transparent film tape with a refractive index of 1.48) on the resonances has been taken into account.
The zero-order transmission spectrum is first calculated for the gold shell array and shown in Fig. 2(b) . In order to better resolve the essence of the underlying physics, we neglect the damping caused by interband transitions (ω c = 0). Three distinct sharp resonances in the transmission spectrum [red solid line in Fig. 2(b) ] are clearly observed around the wavelengths of λ 1 = 2572 nm, λ 2 = 1840 nm, and λ 3 = 1448 nm, respectively. For comparison, a similar structure but composed of solid metallic spheres with an identical size as the shell outer radius (r + t = 725 nm) is also investigated. It is seen that the gold solid-sphere assembly has almost the same spectral features as the gold shell array, except for the absence of transmission resonances λ 1 , λ 2 , and λ 3 . This suggests that three sharp transmission resonances observed in the gold shell array must be related to the excitation of void modes of individual metallic shells. More importantly, the unique Fano line-shapes associated with three sharp transmission resonances further suggest that these resonances in the gold shell array must be a result of Fano interferences between spectrally overlapping narrow void modes and some kinds of broad resonances. To determine the origins of the possible broad resonances, it is instructive to examine the spectrum for the solid-sphere array [blue line with symbols in Fig. 2(b) ], in which two broad transmission peaks centered at the wavelengths of λ S1 = 2100 nm and λ S2 = 1744 nm are observed. Note that the longer wavelength transmission peak (λ S1 ) is quite pronounced, while the shorter wavelength transmission peak (λ S2 ) is barely seen in the spectrum. It is known that for regular periodic structures on a transparent substrate, there are two types of Rayleigh cutoff wavelengths (λ R )-one for the disappearance of an air diffraction mode and another for the disappearance of a substrate diffraction mode. 47 In the normal incidence, the air λ R_air and substrate λ R_sub for a hexagonal array of a lattice constant p are given by λ R_air
, where i, j are integers, and n sub is the refractive index of the substrate. The lowest order λ R_air and λ R_sub in our case are 1368 nm and 2025 nm, respectively. In the spectral range from 1400 nm to 2600 nm discussed here, the lowest order substrate diffraction mode becomes accessible when the wavelength is smaller than λ R_sub = 2025 nm. Because the energy is partially redistributed to the diffraction modes, the broad transmission peak located at λ S2 = 1744 nm is significantly suppressed and becomes less obvious. Meanwhile, because the transition of the substrate diffraction mode be- tween on and off states occurs around the wavelength of λ R_sub = 2025 nm, an abrupt change indicated as a dashed-line box is also observed in the transmission spectrum. It is worth noting that these broad transmission peaks could be more conspicuous when metallic solid-sphere arrays are placed in a symmetric environment without the substrate effect. 42 We now turn our attention to the nature of these two broad transmission peaks in the solid-sphere arrays and the Fano interferences in the shell arrays. For the broad transmission peak at the wavelength of λ S1 = 2100 nm, the fields plotted in the xz-plane are seen to be tightly localized around the outer surface of the solid-sphere [ Fig. 3(a) ]. It is further seen that the whole field distribution is separated into four regions by four field nodes indicated by the dashed lines. Such kind of field patterns could be more clearly seen from its vector field plot. As shown in Fig. 3(b) , the surface charge distributions are schematically marked as "±" signs according to the direction of the electric fields closed to the outer surface of the solid sphere, in which four field nodes are clearly observed. This implies that the broad longer wavelength transmission peak λ S1 is mainly relevant to the excitation of the quadrupolar sphere plasmons on the outer surface of single metallic spheres. The transmission peak at the wavelength of λ S2 = 1744 nm, with its fields distributions shown in Figs. 3(d) and 3(e), has a similar field pattern as the resonance λ S1 , except that six field nodes are observed. Therefore, the transmission peak λ S2 is mainly relevant to the individual hexapolar sphere plasmons. Meanwhile, it could be seen from both Figs. 3(c) and 3(f) that the fields plotted in the xy-plane show strong enhancement within the nanogaps between adjacent spheres along the x-direction (the incident electric field direction). This is an evidence that the near-field interactions between the individual quadrupolar and hexapolar sphere plasmons also play an important role in constructing these broad transmission peaks. Therefore, we conclude that the transmission peaks λ S1 and λ S2 are attributed to the excitations of the collective sphere plasmon modes, termed as quadrupolar and hexapolar "sphere-like" plasmons, to differentiate them from the individual sphere plasmons. Nevertheless, due to the presence of the substrate and the strong near-field interaction among spheres, the field distributions are deformed with respect to the individual sphere plasmon modes.
Since the metallic shell array can support same broad sphere-like plasmon modes as its solid analog does, 42 the multiple Fano resonances observed in the transmission spectrum should be a result of interactions between narrow void modes and broad sphere-like plasmon modes. To confirm this, the electric field distributions are also investigated for the resonances λ 1 = 2572 nm, λ 2 = 1840 nm, and λ 3 = 1448 nm (three Fano dips). It is immediately seen from Fig. 3(g ) that at resonance λ 1 the fields on the outside of the metallic shell have nearly the same pattern, in particular, the number of the field nodes, as that of the quadrupolar sphere-like plasmon modes supported on solid spheres [ Fig. 3(a) ]. At the same time, a large portion of the field is found to be concentrated within the void of the metallic shells with its maximal field enhancement locating around the center of the dielectric core, which coincides with the typical feature of the dipole void plasmons. Such mixed field distribution clearly indicates that the Fano resonance λ 1 is a result of the interference between the narrow-band dipole void plasmon and the broad quadrupolar sphere-like plasmon. Mixed field patterns are also observed in the field distributions at the Fano resonances λ 2 and λ 3 . As shown in Figs. 3(b) and 3(c) , in both cases the fields on the outside of the metallic shell have six nodes, implying that the hexapolar sphere-like plasmon modes take part in the interactions. The main difference between these two resonances is that for the resonance λ 2 the fields bounded in vicinity of the inner shell surface have four maxima, while six maxima are present in the fields confined within the void of the shell for the resonance λ 3 . Therefore, the coexistence of the broad hexapolar sphere-like plasmons and substantially narrower quadrupolar (hexapolar) void plasmons resonant over the same range of energies results in a coupling between these two modes, producing a Fano resonance at λ 2 (λ 3 ). Compared to our previous report, 42 the appearance of multiple Fano lineshapes is caused by the larger size of the dielectric core, resulting in multipolar void plasmon modes.
So far, we have demonstrated that when metallic shells were patterned into rigid arrays the broad sphere-like and relatively narrower void plasmons of different angular momentum could directly interact without the need of symmetry breaking in the structure, resulting in the multiple Fano resonances. However, because in our experiment the PS dielectric sphere is not completely coated by the thin metal layer, the monolayer HNCP metallic cups instead of symmetric shells are prepared. To precisely reveal the underlying physics of the multiple resonances observed in the experimental transmission spectrum [ Fig. 1(c)] , the above analysis on the symmetric metallic shells has to be adopted by taking the effect of the symmetry breaking into account. For this purpose, symmetrybroken gold shells with an opening is modeled via truncating each complete shell with an inverted cone whose vertex is located at the center of the dielectric core. As schematically shown in Fig. 4(a) , the size of the opening of metallic cups can be described using the cone angle θ , which is estimated to be θ ≈ 25
• from the inset SEM image shown in Fig. 1(b) . All the other structure parameters, including the radius of the dielectric sphere (r = 675 nm), the shell thickness (t = 50 nm), and the lattice constant (p = 1580 nm), are the same than used previously. The zero-order transmission spectrum is calculated for the gold cup array and shown in Fig. 4(b) , in which the collision frequency of ω c = 4.084 × 10 13 rad/s is applied to simulate the realistic metal loss. For direct comparison, the experimental transmission spectrum is again shown in Fig. 4(c) . It is seen that the overall good agreement between the simulated and experimental results is achieved. In particular, the simulation has confirmed the main transmission dips as well as the peaks observed in experiment, although their locations and bandwidths are somewhat shifted and broadened with respect to the experimental values, which most likely arises from the relative simple models adopted here and the fabrication tolerances in the experiment. Note that since the quality factor of the void plasmon modes supported in the metallic cups is slightly lower than that in the symmetric metallic shell, 43, 48 the resultant Fano resonances in the arrays of metallic cups [ Fig. 4(b) ] is broadened when Fig. 2(b) ].
In the following, we will demonstrate that the observed transmission features for the gold cup array are the results of the interactions between localized sphere-like, void and rim plasmons. Again, here we investigate the field intensities and field vectors distributions at the corresponding transmission resonances. As shown in Fig. 5(a) , for the transmission resonance at λ F1 = 2052 nm strong field enhancements are clearly observed around the opening area of the gold cups, which is a typical feature of the rim plasmon modes. It has been shown that such rim plasmon modes could couple to the void plasmons in the individual symmetry-broken metallic shells, [39] [40] [41] 49 and may also interact with the sphere-like plasmons in the metallic cup arrays. 48 Excluding the feature of the rim plasmons, both the fields within the dielectric core and on the outside of the metallic cup have nearly the same field patterns as that of the symmetric shell shown in Fig. 3(g) , which implies that the quadrupolar sphere-like plasmon and dipole void plasmon should take part in the interactions. The role of the rim plasmons played in this case could be more clearly seen from its vector field plot. As shown in Fig. 5(b) , on the outer surface of the metallic cup, in addition to four distinct main charge lobes (marked as large black "±" signs), a dipolar charge separation across the rim of the metallic cup (marked as small blue "±" signs) is also induced, which could be regarded as a small perturbation to the quadrupolar spherelike plasmon. However, the field distribution within the dielectric core has changed greatly. Due to the strong coupling between the dipolar void plasmon mode and the rim plasmon mode, four surface charge lobes are present for the inner surface of the metallic cup, making the fields within the dielectric core look more like the field pattern of quadrupolar void plasmons. This is also the main reason why the resonance at λ 1 = 2572 nm for the symmetric metallic shell arrays is blue-shifted to the wavelength of λ F1 = 2052 nm for the metallic cup arrays. Therefore, the nature of the resonance λ F1 is a result of Fano interference between the broad quadrupolar sphere-like plasmon mode and a relatively narrower hybridized plasmon mode formed from the rim plasmon and the dipolar void plasmon. At λ F2 = 1684 nm, as shown in Figs. 5(c) and 5(d), the hexapolar sphere-like plasmon with six charge lobes originally supported on the outer surface of the symmetric metallic shells [ Fig. 3(h) ] sustains in the array of metallic cups with small opening angles. The rim plasmons induce an additional dipolar charge separation on the inner surface and makes the original quadrupolar void plasmon partially have a characteristic of the hexapolar void plasmon [ Fig. 5(d) ], leading to a blue-shift of the resonance λ 2 = 1840 nm for the symmetric shell arrays. This implies that the Fano resonance λ F2 arises from the interference of the broad hexapolar sphere-like plasmon mode with the narrow hybridized plasmon mode formed from the rim plasmon and the quadrupolar void plasmon. The situation for the resonance λ F3 = 1524 nm is different from the above two cases. As shown in Figs. 5(e) and 5(f), six charge lobes are well present for both the outer and inner surfaces of the metallic cup. There is no additional dipolar charge separations could be observed. Based on this, the Fano resonance λ F3 could be regarded as the interference of the broad hexapolar spherelike plasmon mode with the narrow hexapolar void plasmon mode. Compared to the resonance λ 3 = 1448 nm for the symmetric shell arrays, a slight red-shift could be caused by the field enhancements very closed to the rim of the metallic cup [ Fig. 5(e) ].
Lastly, we turn our attention to the tunability on the Fano resonances in metallic shell arrays. As we have discussed above, three transmission resonances could be mainly contributed to the Fano interferences between the broad multipolar sphere-like plasmon modes and relatively narrower multipolar void plasmon modes (or hybridized plasmon modes formed from the rim plasmons and multipolar void plasmons). This naturally implies that an efficient way to tune the Fano resonances in our system is tuning the properties of the void plasmons. Note that the resonance wavelengths of void plasmon modes are sensitive to the size of the dielectric core of the metallic shells. 37 Therefore, we should expect that the Fano resonances in the metallic shell array could be manipulated by controlling the size of the dielectric cores. In our experiment, three monolayer HNCP PS spheres with different radii (r = 700 nm, 675 nm, and 650 nm) are prepared by carefully controlling the plasma etching time. The subsequent same metal deposition procedure ensures that the HNCP metallic shells have same shell thickness (t = 50 nm) and opening angle (θ = 25
• ). The experimental and simulated transmission spectra are shown in Figs. 6(a) and 6(b), respectively. Again, the experimental results show a good agreement with the simulated ones. More importantly, it is seen that with decreasing the size of the dielectric cores all the three observed Fano resonances show a remarkable blueshift mainly because the void-like plasmon modes are now tuned towards the higher energy regime. Considering the wide band feature of sphere-like plasmon modes, such Fano resonances are expected to be tunable over a broad wavelength range. 
IV. CONCLUSIONS
In this paper, we studied theoretically and experimentally the appearance and properties of multiple Fano resonances in monolayer HNCP metallic shell arrays. Calculating the field intensity and field vector distributions allowed us to determine the nature of the multipolar plasmon modes taking part in the Fano interferences. In arrays of symmetric metallic shells, void plasmon modes supported by the inner surface of the individual shell act as a narrow discrete resonance, while the collective sphere-like plasmon modes formed from the near-field interaction between the individual sphere plasmons provide a broad super-radiant continuum. We demonstrated that void and sphere-like plasmons of different angular momentum could directly interact without the need of symmetry breaking in the structure when symmetric metallic shells were patterned into ordered arrays. A cost-effective colloidal crystal templating method has been utilized to prepare the arrays of the metallic shells with small openings. The effects of the symmetry breaking on the Fano resonances were also investigated. We showed that the additional rim plasmons supported on the metallic cups could induce a dipolar charge separation across the rim of the metallic cup, which could further interact with the sphere-like and void plasmons. The Fano resonances in the metallic cup arrays are the results of the interactions between localized sphere-like, void and rim plasmons. Further tunability on the Fano resonances in metallic shell arrays is gained by changing the size of the inner dielectric core, hence changing the moment of the void-like plasmon modes and consequently the resonance frequency. Our study will be helpful to understand and exploit the complex and interesting plasmonic properties of thin metallic shell arrays. By adopting the polymer dielectric core with gain materials, such as lead sulfide quantum dots, 50 we hope the present metallic shell arrays could find applications in near-infrared nanolasing. 
